Mesenchymal stem cells (MSCs) are undifferentiated cells that can be extracted from bone marrow \[[@r1]\], adipose tissue \[[@r21]\], umbilical cord blood \[[@r42]\], muscle \[[@r37]\], and dental pulp \[[@r24]\]. MSCs are characterized by their self-renewal, multipotency, and ability to differentiate into diverse tissues such as connective tissue, muscle, and blood vessels \[[@r5]\]. Because of these characteristics, MSCs play an important role in restoring tissue function when an organ or tissue is damaged. Adipose-derived stem cells have been particularly widely studied because they can be easily extracted and isolated in large quantities \[[@r6]\].

The therapeutic applications of stem cells, which take advantage of these characteristics, have been studied in various species, including humans, dogs, and cats \[[@r16], [@r20]\]. In cats, Quimby *et al*. \[[@r26]\] and Parys *et al*. \[[@r23]\] independently confirmed the safety of intravenous and intraperitoneal injection of feline adipose-derived stem cells. Case reports have described the therapeutic application of feline adipose-derived stem cells for the treatment of various diseases, including chronic kidney disease \[[@r25]\], asthma \[[@r33]\], gingivitis \[[@r2]\], and enteropathic diseases \[[@r36]\].

In general, the number of cells that must be injected for MSCs to elicit treatment effects is 10^5^--10^8^ cells/kg \[[@r39]\], and thus an *in vitro* expansion process is required to obtain sufficient numbers of stem cells. In both humans and dogs, sequential *in vitro* passaging of adipose-derived stem cells leads to cell aging, a decrease in the rate of proliferation, and changes in gene expression patterns and differentiation potency \[[@r7], [@r17]\]. Because such changes in cell characteristics are directly related to therapeutic applications and the efficacy of stem cell treatments, it is important to maintain a balance between cell expansion and stemness. For feline cells, few studies have investigated changes in stem cell characteristics with sequential passaging. This study aimed to assess changes in the proliferation capacity, differentiation potency, and molecular expression patterns of feline adipose tissue-derived (fAT)-MSCs during long-term culture.

MATERIALS AND METHODS {#s1}
=====================

Isolation, expansion and storage of fAT-MSCs
--------------------------------------------

Adipose tissue was obtained from three healthy adult female domestic short-haired cats during ovariohysterectomy at the Seoul National University (SNU) Veterinary Medicine Teaching Hospital. Their owners provided informed written consent for research use. The blood analysis and imaging findings of the donor cats were normal. In addition, the cats were free of infection by feline leukemia virus and feline immunodeficiency virus. The procedure was approved by the Institutional Animal Care and Use Committee of SNU and the protocol was performed in accordance with approved guidelines. Tissue samples were washed four times in Dulbecco's phosphate buffered saline (DPBS; PAN-Biotech, Aidenbach, Germany) containing 1% penicillin-streptomycin (PS; PAN-Biotech), finely minced in a petri dish with sterile scissors, and digested with 0.1% collagenase I (Gibco/Life Technologies, Carlsbad, CA, U.S.A.) solution for 60 min at 37°C. After digestion, three volumes of high-glucose Dulbecco's modified Eagle's medium (DMEM) containing 20% fetal bovine serum (FBS; PAN-Biotech) was added to neutralize the sample. The adipose tissue mixture was then centrifuged at 1,200 × *g* for 5 min. The supernatant was removed, and the pellet containing cells was resuspended in 5 m*l* high-glucose DMEM. The cell suspension was passed through a 70-*µ*m cell strainer to remove undigested debris and then centrifuged at 1,200 × *g* for 5 min. Erythrocytes in the pellet were eliminated by adding 2 m*l* of red blood cell lysis buffer (Sigma-Aldrich, St. Louis, MO, U.S.A.), and the cell solution was incubated for 10 min at 37°C. The sample was washed in five volumes of DPBS and centrifuged again at 1,200 × *g* for 5 min. After removing the supernatant by suction, cells were resuspended in high-glucose DMEM and seeded onto a 100-mm ø cell culture dish at a density of 3,000/cm^2^. Cells were incubated at 37°C and 5% CO~2~ in high-glucose DMEM containing 20% FBS and 1% PS. During cell expansion, the culture media was changed every 2--3 days. For all passages from P0 to P7, cultured cells were seeded at a density of 10,000/cm^2^ in 100-mm ø cell culture dishes for subculture at 70--80% confluency using 1 m*l* of 0.25% trypsin-EDTA (PAN-Biotech).

To preserve cells from each passage, 1 × 10^6^ cells were stocked in cryopreservation medium composed of 80% FBS, 10% DMEM and 10% dimethyl sulfoxide (Daejung Chemicals & Metals, Siheung, Korea) and stored in liquid nitrogen as described previously \[[@r39]\].

Flow cytometry
--------------

Flow cytometry was used to evaluate the expression of cluster of differentiation (CD) MSC markers. Cryopreserved cells at P1 were thawed and cultured in culture medium in a 100-mm ø culture dish. Cultured cells were detached from the plate with 0.25% trypsin-EDTA when confluency reached 80%. The obtained cells were washed with DPBS and divided into three conical tubes, each containing 1 × 10^6^ cells. Cells were suspended in 30 *µl* DPBS and 3 *µl* monoclonal antibodies against the following proteins: CD9, CD44 (GeneTex, Irvine, CA, U.S.A.), CD34-phycoerythrin (PE) and CD45-fluorescein isothiocyanate (FITC; eBiosciences, San Diego, CA, U.S.A.). For CD9 and CD44, indirect immunofluorescence was performed with goat anti-mouse IgG-FITC and goat anti-rat IgG-PE (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) for each marker. Non-stained cells were used as controls for autofluorescence. Cell fluorescence was analyzed with a flow cytometer (FACS Aria II; BD Biosciences, Franklin Lakes, NJ, U.S.A.). A minimum of 10,000 events were counted for each sample, and all data were analyzed using FlowJo7.6.5 (Tree Star, Inc., Ashland, OR, U.S.A.).

Tri-lineage differentiation
---------------------------

For adipogenic and osteogenic differentiation, P1 cells at 80% confluency were cultured in a 24-well plate in appropriately conditioned differentiation medium. The adipogenic differentiation medium was composed of high-glucose DMEM containing 10% FBS, 5% insulin--transferrin--selenium-X (Invitrogen, Carlsbad, CA, U.S.A.), 1 *µ*M dexamethasone (Sigma-Aldrich), and 0.5 mM 3-isobutyl-L-methylxanthine (IBMX, Sigma-Aldrich) according to Kono *et al*. \[[@r14]\]. The StemPro Osteogenesis Differentiation kit (Gibco/Life Technologies) was used to evaluate osteogenic differentiation according to the manufacturer's instructions. For chondrogenic differentiation, 10 *µl* of highly concentrated cell suspension (5 × 10^6^/m*l*) was first seeded in the middle of the plate and incubated with culture medium for two days. Cells were then washed twice with PBS and cultured with the StemPro Chondrogenesis Differentiation kit (Gibco/Life Technologies). Cells in adipogenic and osteogenic differentiation media were each cultured for one week, and cells in chondrogenic differentiation medium were cultured for two weeks. After differentiation, all cells were fixed with 4% paraformaldehyde. Cells were then stained with oil red O, 1% alizarin red, or Alcian blue (all Sigma-Aldrich) to confirm adipocyte, osteoblast, and chondrocyte differentiation, respectively. Before their use in downstream experiments, cells were characterized by immunophenotyping and multi-lineage differentiation.

Growth kinetics
---------------

During sequential passages, cell doubling times (DTs) were calculated in triplicate cultures. The numbers of cells and culture times (CTs) were used to calculate DTs based on the following formula:

$${DT} = {CT} \times \frac{1n2}{1n\left( \frac{N1}{N0} \right)}$$

where N0 represents the initial cell number and N1 represents the cells number at the time of harvest.

Colorimetric cell proliferation assay
-------------------------------------

An MTT \[3-(4,5-dimethylthiazol-2yl)-2,5 diphenyltetraxoliumbromide; Sigma-Aldrich\] assay was used to evaluate the proliferation ability of MSCs at each passage. MSCs at P1, P3, P5 and P7 were seeded at 5 × 10^3^ cells per well in a 96-well microtiter plate and cultured in five replicates at 37°C and 5% CO~2~ for two days. At 24 and 48 hr after cultivation, the culture medium was removed and 10 *µl* of MTT solution in 5 mg/m*l* PBS was added. The plate was then placed in the dark at 37°C. After 4 hr, the supernatant was aspirated and 100 *µl* dimethyl sulfoxide was added to each well as a detergent. The plate was incubated in the dark at 37°C for 10 min. The absorbance of each well at 570 nm was measured using a microplate reader.

RNA extraction and gene expression analysis
-------------------------------------------

Total RNA from MSCs at P1, P3, P5 and P7 was extracted using the Easy-BLUE Total RNA Extraction kit (Intron Biotechnology, Sungnam, Korea) according to the manufacturer's instructions. Briefly, cells from each passage were transferred to a tube containing 1 m*l* of Easy-BLUE, and 200 *µl* chloroform was added to extract the homogenate. Total RNA was precipitated with isopropanol, and the resulting pellet was washed with ethanol. After air-drying, the RNA pellet was resuspended in 30 *µl* of distilled water. The concentration and purity of RNA samples were measured with a spectrophotometer (Implen, Munich, Germany) at 260 and 280 nm. Samples with absorbance ratios (260/280) higher than 1.8 were used for subsequent analysis. First-strand cDNA was synthesized with LaboPass M-MuLV Reverse Transcriptase (Cosmo Genetech, Seoul, Korea) using the primers listed in [Table 1](#tbl_001){ref-type="table"}Table 1.qRT-PCR primer sequencesGeneForwardReverse*GAPDH*ACGATGACATCAAGAAGGTGCATACCAGGAAATGAGCTTG*Oct4*GGAGTCCCAGGACATCAAAGGCCTGCACAAGTGTCTCTGC*Sox2*GAGTGGAAACTTTTGTCGGAGACGGCAGTGTGTACTTATCCTTCTTCA*Nanog*TTTGCTGTAACTGTATCTGGGCCAGGCTTCTATTCCTATCACCAG*Klf4*TTACCACTGTGACTGGGATGCTTCATGTGTAAGGCGAGGT*CD9*CCAAGTGTATCAAATACCTGCTCTTATAAACTCCTGTGTAGAAGCTGGAA*CD44*TGGGTTGTTTGGCATCCAGTGCCGTTTTCTTCAGTTGGTTCCCAGCC*CD90*TGAGAAGAAGAAGCACGTGAACGTGGAGTTCACATGTGTA*CD105*TATGCGTCTGAACATCGTCAGTGTGCGAGTAGATGTACCA*PPAR-γ*GGGAGTTTCTAAAGAGCCTGAGGTGCCTCAATGGGCTTCACATTCAGC*COL1α1*ATCACCTACCACTGCAAGAACAGGTGGTTTTGTATTCGATCACTGTC.

Quantitative real-time (qRT)-PCR analysis was performed in duplicate in 96-well plates with StepOne Real-Time PCR System (Applied Biosystems, Foster City, CA, U.S.A.) using SYBR Green dye (AMPIGENE qPCR Green Mix Hi-ROX; Enzo Life Sciences, Farmingdale, NY, U.S.A.). The following amplification program was used: polymerase activation for 2 min at 95°C, followed by 40 cycles of denaturation for 5 sec at 95°C and annealing and extension for 25 sec at 60°C. Melting curve analysis was carried out from 65°C to 97°C to evaluate the specificity of PCR products. Feline glyceraldehyde 3-phosphate dehydrogenase (*GAPDH*) was used as a reference to compare gene expression, and the Ct value of each gene was normalized to that of *GAPDH*.

Senescent cell identification
-----------------------------

Senescent cells were identified using the Cellular Senescence Assay kit (CELL BIOLABS, San Diego, CA, U.S.A.), which detects senescence-associated β-galactosidase (SA-β-gal) activity at pH 6.0. The number of senescence positive and negative cells was calculated under a light microscope.

Statistical analysis
--------------------

All data were analyzed using GraphPad Prism v.6.01 software (GraphPad Inc., La Jolla, CA, U.S.A.). All data are displayed as the means ± standard deviation. In comparisons of multiple sample groups, *P*-values \<0.05 were considered statistically significant.

RESULTS {#s2}
=======

Identification of fAT-MSCs
--------------------------

Cells obtained from feline adipose tissue at P1 were characterized by morphology, immunophenotyping, and tri-lineage differentiation. Three days after seeding, spindle-shaped cells were adhered to plastic culture plates ([Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.Characterization of fAT-MSCs. P1 cells were used for identification. (A) Typical fibroblast-like spindle-shaped cells adhered to a plastic cell culture dish are shown. Original magnification: 40 × (left) and 200 × (right). (B) Immunophenotypic analysis was conducted using flow cytometry for positive markers CD9 and CD44 and negative markers CD34 and CD45. (C) Adipogenic (oil red O stain), osteogenic (alizarin red S stain), and chondrogenic (Alcian blue stain) differentiation abilities of fAT-MSCs (from left to right). Original magnification: 200 ×. Respective negative control cells are shown.). Cells were positive for expression of CD9 and CD44 and negative for CD34 and CD45 ([Fig. 1B](#fig_001){ref-type="fig"}). fAT-MSCs differentiated into adipogenic, osteogenic, and chondrogenic cells ([Fig. 1C](#fig_001){ref-type="fig"}).

Cell proliferation assay
------------------------

Overall, proliferation rates decreased with an increasing number of passages. While there was no significant difference in proliferation rates from P1 to P4, marked suppression of the expansion rate was observed at P5 (*P*\<0.001). After P5, cells exhibited a persistent increase in the DT, which became significant at P7 ([Fig. 2A](#fig_002){ref-type="fig"}Fig. 2.Decreased proliferation ability during passaging. (A) Cell doubling time during continuous subcultures. (B) Results of MTT assay at 24 and 48 hr after seeding. \*\*\**P*\<0.001 vs. P1 cells.). Furthermore, cells exhibited a reduced ability to absorb MTT over time, as shown in [Fig. 2B](#fig_002){ref-type="fig"}, with significantly reduced absorbance from P5 (*P*\<0.001).

Altered expression of MSC markers with subsequent passages
----------------------------------------------------------

The mRNA expression levels of pluripotency genes and stem cell surface markers were assessed by qRT-PCR. Expression of pluripotency genes including *Sox2*, *Klf4*, and *Nanog* decreased with subsequent passages ([Fig. 3A](#fig_003){ref-type="fig"}Fig. 3.Expression of pluripotency markers and cell surface markers at P1, P3, P5 and P7 (A) Relative mRNA expression levels of pluripotency markers *Sox2*, *Nanog* and *Klf4*. (B) Relative mRNA expression levels of stem cell surface marker genes *CD9*, *CD44*, *CD90* and *CD105*. (C) Cell surface protein expression analyzed by flow cytometry. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 vs. P1 cells.). *Oct4* was not expressed in cells at any passage (data not shown). Expression levels of stem cell surface markers, including *CD9*, *CD44*, *CD90* and *CD105*, were also significantly reduced during subculture. A particularly notable decrease was observed in the expression of *CD9* and *CD44* from P3 (*P*\<0.001 for both, [Fig. 3B](#fig_003){ref-type="fig"}).

Protein expression of stem cell markers was measured by flow cytometry. After all passages, most fAT-MSCs expressed CD9 and CD44. Other markers, including CD34 and CD45, were not expressed or were rarely expressed. The expression of CD9 and CD44 proteins was reduced following P3, which is consistent with the qRT-PCR results ([Fig. 3C](#fig_003){ref-type="fig"}).

Effect of continuous culture on the differentiation capability of fAT-MSCs
--------------------------------------------------------------------------

The expression of adipogenesis and osteogenesis differentiation marker genes was analyzed by qRT-PCR. Compared to P1, expression of the adipogenic marker peroxisome proliferator-activated receptor gamma (*PPARγ*) was significantly reduced at P5 ([Fig. 4A](#fig_004){ref-type="fig"}Fig. 4.mRNA expression levels of (A) adipogenic (*PPARγ*) and (B) osteogenic (*COL1α1*) differentiation markers with sequential passages were analyzed. \**P*\<0.05, \*\*\**P*\<0.001 vs. P1 cells.). Similarly, expression of the osteogenic marker collagen 1α1 (*COL1α1*) was significantly reduced at P5 ([Fig. 4B](#fig_004){ref-type="fig"}).

Elevated cell senescence with increasing passages
-------------------------------------------------

With an increasing number of passages, the cells became larger and their shapes became heterogeneous. Senescent cells were not observed at P1. At P3, approximately 0.7% of cells exhibited SA-β-gal activity. At P5 and P7, 2.8 and 5% of cells, respectively, were stained blue ([Fig. 5A--D](#fig_005){ref-type="fig"}Fig. 5.Change in cellular morphology and appearance of stained senescent cells during sequential passaging Senescence-associated β-galactosidase (SA-β-gal) activity was identified by blue histochemical staining (arrows). (A) P1, (B) P3, (C) P5, (D) P7. Original magnification: 200 ×. (E) Percentage of total cells exhibiting SA-β-gal staining during sequential passages.). Expression of SA-β-gal activity increased significantly beginning at P5 (*P*\<0.001; [Fig. 5E](#fig_005){ref-type="fig"}).

DISCUSSION {#s3}
==========

Recently, the clinical applications of MSCs have been widely studied in many species and for many diseases \[[@r8]\]. After separation from the source, cells must be cultured *in vitro* to obtain a therapeutic dose of stem cells. Numerous studies have shown that the characteristics of MSCs can become altered during prolonged culturing \[[@r9], [@r10], [@r27]\]. According to a study by Lee *et al*. \[[@r18]\] in dogs, passages beyond P6 led to a significant increase in proliferation time and decrease in the differentiation index of cells. However, no similar studies have been conducted for cats. In the present study, fAT-MSCs from healthy cats were used to assess changes in proliferation and stem cell differentiation potency for each sequential passage. We also confirmed a correlation between such changes and cell aging.

To achieve effective cytotherapy treatments using MSCs, stem cells that have been injected into the body must appropriately replace damaged organ tissue and produce sufficient anti-inflammatory effects through the paracrine system \[[@r28]\]. The proliferative ability and multipotency of stem cells must also be maintained to achieve proper cell proliferation and differentiation into target tissues. A decrease in proliferation rate with sequential passages has been reported in cats and various other species \[[@r27], [@r35], [@r38], [@r39]\]. In the present study, the proliferation rate decreased successively from P1 to P7, which became statistically significant beginning at P5. Based on these results, significant differences in stem cell characteristics are expected to occur after P5, and thus subsequent experiments examined only P1, P3, P5 and P7.

We next examined mRNA expression levels for various factors that determine stem cell characteristics, such as pluripotency markers (*Oct4*, *Sox2*, *Nanog* and *Klf4*) and stem cell surface markers (*CD9*, *CD44*, *CD90* and *CD105*). Interestingly, among these pluripotency markers, *Oct4* expression was not observed regardless of the number of passages, while expression of the remaining factors decreased with an increasing number of passages. When the mRNA levels of all detected factors were compared with those at P1, significant decreases were detected beginning at P5. In the case of stem cell surface markers, a significant decrease in *CD9* expression was observed beginning at P3, while significant reductions in *CD44*, *CD90* and *CD105* expression were observed at P5. In the subsequent flow cytometry experiment, corresponding decreases in protein expression were confirmed. Based on a previous study, the pluripotency marker genes tested in the present study are involved in self-renewal as well as the maintenance of cell pluripotency in various species \[[@r19], [@r29], [@r41]\]. Classically, it is thought that leukemia inhibitory factor and the activation of Stat3 play key roles in maintaining stem cell pluripotency \[[@r31]\]. A recent study, however, revealed that mouse embryonic stem cells overexpressing Nanog maintain their pluripotency without leukemia inhibitory factor activity, indicating the existence of an independent pathway for pluripotency maintenance \[[@r22], [@r30]\]. In addition, Klf4, which acts upstream of Nanog and is the direct target of Stat3, is known to be an important factor in pluripotency preservation \[[@r40]\]. Based on these studies, *Nanog* and *Klf4* may act as key regulatory factors in the maintenance of pluripotency and self-renewal, and reductions in the expression levels of these proteins are thought to lead to reduced stemness. As the cell surface markers *CD9*, *CD44*, *CD90* and *CD105* are closely related to stem cell proliferation \[[@r12]\], migration \[[@r43]\], and differentiation \[[@r3], [@r13]\], decreases in their expression levels with sequential passages is expected to greatly influence the efficacy of stem cell therapies.

To confirm the results described above, the mRNA expression levels of adipogenic and osteogenic differentiation markers were evaluated to determine changes in actual differentiation potency with sequential passages. We observed significant decreases in both *PPARγ* (adipogenic differentiation marker) and *COL1α1* (osteogenic differentiation marker) after P5. These results are consistent with those of previous studies assessing the differentiation ability of bone-marrow-derived stem cells from humans and dogs at each passage \[[@r11], [@r18], [@r32]\]. In contrast, a study of bone-marrow-derived stem cells from pigs showed that adipogenic differentiation increased with sequential passages \[[@r34]\]. It appears that changes in differentiation potency with sequential passages differ among species and according to external conditions, such as the composition of the culture medium.

Finally, when evaluating senescence-associated enzyme activity during cell aging, stained cells first appeared at P3, and the percentage of stained cells in a specific field of view increased significantly beginning at P5. Additionally, cell morphologies gradually became diversified with increasing passages, accompanied by an increase in cell size. In typical cells, cell aging is accompanied by changes in gene expression patterns \[[@r4]\]. Such changes can either prevent cells from responding to mitogenic signals or affect reproduction or differentiation by altering their metabolic status. Therefore, it is thought that increasing numbers of senescent stem cells, which accumulate with sequential passages, may cause a reduction in treatment effects during *in vivo* applications. Additionally, although it has not been confirmed in feline stem cells, it has been reported that human senescent fibroblasts can cause malignant transformation of cells through interactions with adjacent cells \[[@r15]\]. Therefore, whether aging cells cause diverse changes to adjacent cells through this mechanism requires further analysis.

There is a limitation in this study. We obtained fAT-MSCs from three cats. Although they showed similar abilities of proliferation and differentiation depending passages, larger populations should be evaluated.

In the present study, we confirmed the changes in the characteristics of feline stem cells that occurred with long-term *in vitro* culture. We observed a continuous decrease in the self-renewal ability and pluripotency of these cells over subsequent passages during *in vitro* culture, with significant differences in the expression of most of the cell surface markers, which commenced at P5. Although the effects of applying aged stem cells in cats are unknown, we recommend the use of early-passage cells, particularly those before P5, for efficacious therapeutic application of stem cells in cats.
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